Abstract Most theoretical and empirical studies of productivity-species richness relationships fail to consider linkages among trophic levels. We quantiWed productivityrichness relationships in detritus-based, water-Wlled treehole communities for two trophic levels: invertebrate consumers and the protozoans on which they feed. By analogy to theory for biomass partitioning among trophic levels, we predicted that consumer control would result in richness of protozoans in the lower trophic level being unaVected by increases in productivity, whereas richness of invertebrate consumers would increase with productivity. Our data were consistent with this prediction: consumer richness increased linearly, but protozoan richness was unrelated to changes in productivity. The productivity-richness relationships for all taxa combined were not necessarily consistent with relationships within each trophic level. We used path analysis to investigate the mechanisms that may produce the observed responses of trophic levels to changes in productivity. We tested the importance of the direct eVect of productivity on richness and the indirect eVect of productivity mediated by eVects on total abundance. For protozoans, only direct eVects of productivity on richness were important, but both direct and indirect eVects of productivity on richness were important for invertebrates. Protozoan richness was strongly aVected by topdown impacts of abundance of invertebrates. These results are consistent with theory on biomass partitioning among trophic levels and suggest a strong link between richness and abundance within and between trophic levels. Understanding how trophic level interactions determine productivity-richness relationships will likely be necessary in order for us to achieve a comprehensive understanding of the determinants of diversity.
. Current theory for food web dynamics, trophic regulation, and productivity-richness relationships typically focuses on gross primary productivity (GPP, grams carbon per square meter per year, Rosenzweig 1995) or a surrogate of GPP (Dodson et al. 2000; Mittelbach et al. 2001) , even though the majority of energy in many food webs passes through detrital pathways (O'Neill and Reichle 1980; Wetzel 1995; Moore et al. 2004) . Detritus can support higher diversity, larger predator biomass, and longer food chains than would be supported by primary productivity alone (Hairston and Hairston 1993) , and it can stabilize the dynamics of consumer populations, alter habitat complexity, and stabilize food webs that would be otherwise unstable (Moore et al. 2004) . Although there appear to be strong eVects of detritus on attributes of many systems, investigations of how detritusderived productivity aVects species richness or variation in trophic structure are relatively rare.
Interactions among trophic levels are fundamental for our understanding of the dynamics of natural communities, although the single trophic level focus dominates investigations of productivity-richness relationships (Petchey et al. 2004) . Primary productivity can aVect higher trophic levels (trophic cascades) in aquatic ecosystems by aVecting biotic (e.g., biomass) and abiotic (e.g., temperature, turbidity) ecosystem properties (Carpenter and Kitchell 1993; Hairston and Hairston 1993) . Empirical (Worm et al. 2002) and theoretical (Huston 1996) work suggests that the combined eVects of productivity and the presence of higher trophic levels can have non-additive eVects on richness of lower trophic levels. Productivity also is an important factor in trophic regulation, potentially limiting the number of trophic levels in a food chain (Huston 1996) . The addition of higher trophic levels as productivity increases may decrease the number of competitively dominant prey, allowing the addition of inferior competitors, ultimately yielding a positive eVect on diversity (Abrams 1995; Moen and Collins 1996) . In this way, higher trophic levels that are limited by productivity can aVect richness of lower trophic levels. The eVects of productivity, either plant or detritusderived, on richness within diVerent trophic levels in the same community has received little theoretical or empirical attention (although see Kneitel and Miller 2002) .
To predict the eVects of productivity on richness of multi-trophic level systems, we considered biomass partitioning among trophic levels and its relationship to productivity (Leibold et al. 1997) . Biomass within communities is jointly determined by resource control of higher trophic levels and consumer control of lower trophic levels (Lindeman 1942; Fretwell 1977; Oksanen et al. 1981; Leibold et al. 1997) . This theoretical work predicts that, for a single trophic level (producers), productivity has a positive eVect on biomass. For a two-trophic-level system (producers and herbivores), biomass of the lowest trophic level is controlled by consumers, so that only consumer biomass beneWts from increasing productivity (Fretwell 1977; Oksanen et al. 1981) . Additional higher trophic levels with further increases in productivity may cause the system to be resource or consumer controlled, depending on whether there are an odd or even number of levels (Fretwell 1977; Oksanen et al. 1981) .
Although there is currently no comparable theory to predict eVects of productivity on richness within diVerent trophic levels, the predictions for biomass within trophic levels provide a starting point. All else being equal, greater biomass or number of individuals in a community should be associated with greater number of species. This "More Individuals hypothesis" (MIH, Srivastava and Lawton 1998) postulates that greater productivity supports higher population densities, lowering the extinction rates of rare species and increasing richness (Srivastava and Lawton 1998) . If the MIH is correct, abundance and richness within a trophic level should respond similarly to productivity. In a two-trophic-level system, we predict that consumer richness will increase with increasing productivity but that prey richness will be unrelated to increasing productivity. Support for these predictions would imply that abundance and species richness of consumers have a negative and limiting eVect on the richness of their prey. Recent experimental work in a terrestrial (Dyer and Letourneau 2003) and an aquatic system (Kneitel and Miller 2002) supports this conjecture.
Tree holes are natural microcosms consisting of cavities in trees that collect water and detritus and are colonized by a diversity of aquatic invertebrates, protozoans, fungi, and bacteria (Kitching 2000) . Allochthonous inputs including senescent plant parts (e.g., leaves, Kitching 2001), terrestrial invertebrate carcasses (Daugherty et al. 2000 , Yee 2006 , and stem Xow (Carpenter 1983) , and all inputs serve as energy sources for tree holes, as primary production is eVectively absent (Carpenter 1983) . Detrital inputs are a good surrogate for productivity in tree holes, having positive eVects on richness and abundance of invertebrates (Jenkins et al. 1992; Srivastava and Lawton 1998; , and on microorganism energy utilization rates (Yee and Juliano 2006, 2007; Yee 2006) . Tree hole food webs in the temperate United States of America typically consist of one or two trophic levels of invertebrates and two levels of microorganisms. Bacteria and fungi are supported by detritus, protozoans are supported by bacteria or, for predaceous protozoans, by bacteria and other protozoans, and invertebrate consumers are supported by any of the more basal levels, including detritus. Larvae of the mosquito Toxorhynchites rutilus are the dominant predators of invertebrates, although this species is highly seasonal and infrequent in mid-western tree holes, especially in the north (Bradshaw and Holzapfel 1985) .
We tested the predicted relationships among productivity, number of individuals, and number of species within two trophic levels (invertebrate consumers and protozoan prey) with data from the aquatic communities of 87 tree holes we surveyed across the State of Illinois, USA. Richness of invertebrates in tree holes has been shown to increase with manipulations of productivity surrogates (e.g., added leaf litter, Srivastava and Lawton 1998; Jenkins et al. 1992 ; leaf litter and animal detritus, , and changes in invertebrate richness with increasing productivity have been shown to be mediated by changes in abundance . It is unknown how protozoans respond to natural variation of productivity in the Weld, or how natural levels of productivity aVect richness of any taxonomic group. We used observational data to determine whether there were productivity-richness relationships for all taxa combined, and then for each trophic level separately. We then tested whether eVects of productivity on individuals is the route by which increasing productivity aVects richness, and we identiWed the strength and nature of the links between trophic levels as a test of predictions of how individual trophic levels should respond to changes in productivity.
Methods

Tree hole sampling
We sampled 87 natural tree holes from six sites in three regions of Illinois, USA, at two times (May and July 2004). Southern sites were Horseshoe Lake State Park, Alexander County, n = 15 tree holes (37°21Ј76Љ N, 88°55Ј65Љ W) and Cache River State Park, Johnson and Pulaski Counties, n = 13 (37°07Ј74Љ N, 89°20Ј74Љ W); central sites were ParkLands Merwin Preserve, McLean County, n = 17 (40°39Ј20Љ N, 88°52Ј55Љ W) and Moraine View State Park, McLean County, n = 13 (40°24Ј06Љ N, 88°43Ј60Љ W); and northern sites were Morton Arboretum, DuPage County, n = 15 (41°48Ј76Љ N, 88°02Ј04Љ W) and Fermi National Accelerator Laboratory, DuPage County, n = 14 (41°50Ј46Љ N, 88°16Ј73Љ W). Sites were 16-53 km apart, whereas regions were separated by ¸190 km. All sites were within a narrow band of longitude (i.e., <2°). Sampling always began with southern sites, ended with northern sites, and took approximately 2 weeks. At each time, we destructively sampled all invertebrates and identiWed them to species or morphospecies (see Appendix for taxa and feeding modes). Prior to collecting invertebrates, we removed 20 ml of Xuid from each tree hole to quantify our productivity measures (see below) and for quantiWcation of protozoans. This sample was extracted from within a few centimeters of the surface and away from container walls.
We then removed the entire tree hole contents and measured the volume of water (milliliters) and wet mass of all detritus (grams). Detritus and remaining liquid were returned to each tree hole. We quantiWed protozoan richness of each tree hole by Wrst gently mixing samples, extracting 1.0 ml into a Sedgewick rafter cell, and enumerating at 100£ magniWcation in a phase-contrast microscope (Kneitel and Chase 2004) . Preliminary tests had indicated that this technique captured 87% of the protozoan diversity in samples. Protozoan identiWcations were made based on Pennak (1989) and Foissner and Berger (1996) .
For each tree hole, we used the cumulative number of species of protozoans and invertebrates collected over the two sampling periods. Some invertebrate groups are highly seasonal (e.g., mosquitoes), and combining data from both sampling periods tends to decrease temporal variation in richness values within each tree hole. In constructing trophic levels, we acknowledge that all protozoans may not be equally edible to invertebrates, although none of the invertebrates is susceptible to predation by protozoans. Protozoan populations are negatively aVected by mosquitoes (the dominant group in tree holes, Kneitel and Chase 2004; Kaufman et al. 2002; Eisenberg et al. 2000; CochranStaWra and von Ende 1998; Paradise and Dunson 1998) . We further recognize that additional trophic levels (e.g., omnivorous protozoans) are likely present within some tree holes. We separated protozoans into two trophic levels (bacterivores, n = 41 species and bacterivores/protozoan predators, n = 18 species) and conducted regression analyses (see below) for each group, separately. The results from these grouped analyses did not diVer from results obtained by lumping protozoans into a single trophic level. Moreover, for lower trophic levels containing edible and inedible prey, increasing productivity is less likely to beneWt consumer biomass, because it is the inedible taxa that primarily beneWt from enhanced productivity (Leibold et al. 1997) . Thus, lumping species with diVerent edibilities into the lowest trophic level (protozoans) would make it more diYcult to detect diVerences in productivity-richness relationships within the consumer (i.e., invertebrate) trophic level.
Measuring productivity
Total amount of leaf detritus has been used as a surrogate for productivity in experimental tree holes (e.g., Srivastava and Lawton 1998). However, the species, age, and condition of leaves can inXuence the energy available to microorganism decomposers and higher consumers (Carpenter 1983; Walker et al. 1997) , making leaf detritus mass alone potentially unreliable as the indicator of system productivity. In addition, tree holes with and without leaves appear to yield similar production of mosquitoes (the dominant consumers, Walker and Merritt 1998), suggesting further that detritus biomass by itself is inadequate as a measure of system productivity. To quantify productivity we measured both detritus mass and the metabolic rates (MRs) of microorganisms. The latter measure has signiWcant eVects on tree hole invertebrate populations (Yee and Juliano 2006; Yee 2006 ) and communities of invertebrates in artiWcial tree holes . MR values and detritus have been shown to be correlated in experimental studies , and are correlated with production of new bacterial biomass in realistic laboratory microcosms ). Whole community MRs, which represent respiration of the lowest trophic levels (i.e., bacteria, fungi, and protozoans), were measured with a Gilson diVerential respirometer (GDR) (Middleton, WI, USA). Values for MR were in microliters of O 2 consumed per hour for each tree hole at each time and, thus, are analogous to GPP, as this measure is related to growth of microorganism populations. Values for MR typically are positive, but values near zero (i.e., no net diVerence between gas consumption and production) or negative values (i.e., gas production in excess of consumption) can result in cases of low biological activity on low quality detritus (Yee and Juliano 2006, 2007; Yee 2006; Yee, unpublished data) . Although primary production is low to absent in tree holes, we took the step of incubating 8 ml Xuid samples in the dark. For MR, values for individual tree holes were obtained under the mean tree hole temperature for each site at each collection time. For analysis, we used means of detritus amount and MR over the two sampling dates for each tree hole.
Data analysis
Resources and net primary productivity (NPP) are correlated in observational studies (Schmid 2002) , rendering productivity dependent on both inherent site resources and the utilization of those resources (i.e., metabolism). We assumed that detritus amount and MR were mutually related to overall detrital productivity, but we expected neither of them to be a perfect indicator of the rate at which detritus-derived energy Xows through a system. With this in mind, we used principal component analysis (PROC FAC-TOR, SAS Institute, 2004) (Hatcher and Stepanski 1994) to synthesize MR and detritus amount into a single descriptor of productivity (P). We then ran multiple regressions of measures of richness against P, mean tree hole volume (habitat area surrogate), and latitude, at each site. Stepwise regression models were used, with an inclusion criterion of = 0.05 for each new parameter (PROC REG, method = stepwise, SAS Institute, 2004) . We determined the form of the relationship between richness and productivity (i.e., monotonic, unimodal) by testing for a signiWcant contribution of a quadratic term to the linear model. Regression models were generated for all taxa (invertebrates and protozoans combined) and for each trophic level (invertebrates, protozoans), separately.
Path analysis (PROC CALIS, SAS 2004) (Wright 1921 (Wright , 1934 ) was used to test for the importance of direct eVects of productivity on richness and indirect eVects of productivity on richness via abundance of each trophic level. Path analysis has been used to test for indirect eVects in ecology (e.g., Wootton 1994; Daugherty and Juliano 2001; Mitchell 2001) . Path coeYcients are standardized regression coeYcients that quantify the direct eVect on a dependent variable caused by variation in a particular independent variable, while removing the eVects of other independent variables (Hatcher 1994; Mitchell 2001) . The importance (both direct and indirect) of a particular path is tested by assessment of the Wt of reduced models in which one or more paths are eliminated from a full model (Hatcher 1994; Mitchell 2001) .
We constructed two sets of path diagrams; one set to test the More Individual hypothesis (MIH), and the second to test for the nature and strength of top-down trophic links. For the MIH, we constructed a full path diagram with direct (causal) relationships from productivity (P) to total abundance and richness for each trophic level separately, and indirect eVects of productivity on richness via abundance (Fig. 1a, b) . In addition, we devised two reduced path models. The Wrst model removed the direct path from productivity to richness (Fig. 1c, d) . If this reduced model were to yield signiWcant lack of Wt, then the direct eVect of productivity on richness would be important. The second model removed the indirect eVect of productivity on richness via abundance (Fig. 1e, f) . If this reduced model were to yield signiWcant lack of Wt, then the indirect eVect of productivity on richness via abundance would be important, and the MIH would be supported. These models were compared with the full model using a goodness-of-Wt 2 test (PROC CALIS, SAS 2004) (Hatcher 1994) . Because there could be variation in the strength of the relationships among richness, abundance, and productivity with latitude, we also ran these same path analyses for each region, separately.
In order to test whether top-down eVects of invertebrate richness or abundance were important for protozoans, we began by constructing a full model (Fig. 2a) that assumed top-down control of protozoan abundance and diversity by invertebrates (consistent with the study by Oksanen et al. 1981) . Based on the previous results testing the MIH, we removed any paths that did not change signiWcantly the Wt of the model, and then we tested sequentially reduced models, removing paths linking invertebrates to protozoan richness and abundance. SpeciWcally, we removed singly the paths linking invertebrate abundance and richness to protozoan variables, and then we removed pairs of paths linking either invertebrate abundance or invertebrate richness to both protozoan richness and abundance. Finally, we tested a reduced model, removing all paths linking the two trophic levels. Thus, the Wnal model (Fig. 2b) included only those paths that are important in linking trophic levels, given our results concerning important paths obtained through testing the MIH within trophic levels.
Results
Principal component analysis
The Wrst principal component (PC1) explained 63% of the variance in MR and detritus values among tree holes. Both variables displayed positive loadings (+79) on PC1, suggesting they were positively correlated (r = 0.24), with tree holes with high positive scores on this axis having high MR and high amounts of detritus.
Richness and productivity
When all taxa were considered, richness increased linearly with PC1, volume, and latitude (Table 1 ; Fig. 3a ), although productivity (P = PC1) explained the most variance (Table 1 ). When the invertebrate trophic level was considered alone, P, volume, and latitude were all associated with richness, with P accounting for the majority of variation explained among variables tested (Table 1 ; Fig. 3b ). No parameters were signiWcantly associated with protozoan richness (Fig. 3b) . In no case was the quadratic term signiWcant, indicating that, where appropriate, a linear model best described the relationship between variables. The full path model for invertebrates explained 3% of the variation in abundance but 43% of the variation in richness (Fig. 1a ). There were strong positive eVects of P on richness, but weaker positive eVects for abundance on richness and for P on abundance (Fig. 1a) . The Wrst (Fig. 1c) and second (Fig. 1e) reduced models produced signiWcant lack of Wt (reduced model 1, 2 = 32.21, df = 1, P < 0.001; reduced model 2, 2 = 12.59, df = 1, P < 0.001), indicating that neither was as satisfactory an explanation of the relationships among variables as the full model was. For protozoans, the full model (Fig. 1b) explained 4% of the variation in abundance and much less variation for richness. The Wrst reduced model (Fig. 1d) did not Wt signiWcantly worse than the full model ( 2 = 0.37, df = 1, P = 0.546), and there was no change in the path coeYcient between abundance and richness, and only a minor decrease in the explained variation for richness. The second reduced model (Fig. 1f ) also did not Wt signiWcantly worse than the full model ( 2 = 0.55, df = 1, P = 0.460), although there was a decrease in the path coeYcient linking productivity to richness. Thus, either reduced model was as good an explanation for the relationships among protozoan richness, abundance, and productivity as the saturated full model was, though all Wt poorly. Although all three models Wt equally well, the path coeYcient from abundance to protozoan richness was negative or absent in all models (Fig. 1b,  d ). Path analyses for each region were consistent with the overall models (not shown). SpeciWcally, the full model displayed the best Wt for invertebrates in the south and north, and reduced model 1 gave the best Wt for the central region. For protozoans, reduced model 1 or 2 was better than the full model in the south or north, whereas model 1 was the best explanation among variables in the central region.
For the trophic link models (Fig. 2a) , the full model explained a low amount of variation for protozoan richness (R 2 = 0.082) and invertebrate abundance (R 2 = 0.025), moderate variation for protozoan abundance (R 2 = 0.125), and the highest variation for invertebrate richness (R 2 = 0.423). Consistent with the results for testing the MIH for each trophic level separately, we removed the paths from productivity surrogates to protozoan richness (see Fig. 1d ) and from protozoan abundance to richness (see Fig. 1f ), but retained these paths for invertebrates (Fig. 1a) . Regardless of how we removed the paths from invertebrate abundance and richness to either variable for protozoans, we obtained the same results (Fig. 2b) . SpeciWcally, removing direct paths from invertebrate richness to protozoan abundance ( 2 = 8.470, df = 4, P = 0.080) or invertebrate abundance to protozoan abundance ( 2 = 6.115, df = 3, Table 1 Results of stepwise multiple regression for the relationship assessing the degree to which productivity (P, as deWned by PC1), volume (milliliters), and latitude (degrees) aVect richness of tree hole organisms. Protozoans None ---P = 0.106) did not signiWcantly alter the Wt, although both tests were nearly signiWcant. In contrast, removing direct paths from invertebrate abundance to protozoan richness ( 2 = 12.037, df = 4, P = 0.017) and invertebrate richness to protozoan richness ( 2 = 12.375, df = 5, P = 0.030) resulted in signiWcant decrease in Wt. The Wnal model suggested that invertebrate abundance negatively aVected protozoan richness, whereas invertebrate richness had a positive eVect on protozoan richness (Fig. 2b) .
Discussion
Our survey of tree holes yielded four major conclusions: (1) productivity-richness relationships for the two trophic levels diVered from one another and from relationships for all taxa combined; (2) the eVect of latitude on richness, though present, was small compared to that of productivity; (3) predictions of the More Individuals hypothesis (MIH) are consistent with the observed productivity-richness relationship of invertebrates, but not that of protozoa, and (4) trophic links, speciWcally top-down eVects of invertebrate abundance, have important eVects on richness of the protozoan trophic level. Although some of these conclusions have previously been reached (e.g., Kneitel and Miller 2002) , ours is the Wrst study to examine how richness within trophic levels, trophic links, and abundance interact to produce patterns of productivity and richness in nature.
Trophic levels responded diVerently to productivity, consistent with the food web patterns based on biomass proposed by Oksanen et al. (1981) and Fretwell (1977) . Consumer richness increased with productivity, whereas protozoan richness was unrelated to productivity, suggesting consumer control of richness within individual tree holes. Our results are consistent with those of Kneitel and Miller (2002) , who found that in pitcher plant communities, richness of a higher trophic level (protozoans) was positively aVected by initial resources (dead ants), but richness of a lower trophic level (bacteria) was unrelated to similar increases in resources. Biomass of protozoa in the water column is negatively aVected by the presence of Wlter-feeding mosquito larvae (Kneitel and Chase 2004; Kaufman et al. 2002; Eisenberg et al. 2000; CochranStaWra and von Ende 1998; Paradise and Dunson 1998) . Moreover, protozoan community composition (Kneitel and Chase 2004) varies with the intensity of predation by mosquito larvae. Although Wlter-feeding taxa such as mosquitoes are likely to have direct eVects on free-swimming protozoans (e.g., Paramecium, Bodo), other invertebrates that ingest or shred detritus (e.g., syrphids, psychodids) also may directly or indirectly aVect attached protozoans (e.g., Vorticella) and attached rotifers.
An increase in consumer richness with increasing productivity is consistent with the results of other tree hole studies (Jenkins et al. 1992; Srivastava and Lawton 1998; , although ours is the Wrst study to measure ambient productivity in unmanipulated containers. Our path analysis results are consistent with the MIH because the indirect path from productivity to richness through abundance could not be omitted. Positive relationships between richness and productivity in the consumer trophic level may arise because productivity lowers the extinction risk of rare taxa (MIH), although this hypothesis has found mixed support from studies of aquatic container systems (Kneitel and Miller 2002; Srivastava and Lawton 1998; . Based on the magnitudes of the path coeYcients (Fig. 1a) , it appears that the MIH, quantiWed as the products of the two path coeYcients that form the connection between productivity and richness, makes a lesser contribution to productivity-richness relationships than does the direct eVect of productivity on richness, quantiWed by the direct path coeYcient. Total abundance of tree hole invertebrates was unrelated to all measures of productivity, although invertebrate abundance did increase with the volume of the container (R 2 = 0.15, P = 0.002). Thus, richness of tree hole invertebrates does not simply increase in proportion to increases in numbers of individuals but may be related to other factors that are unique to this system (e.g., behavioral decisions of ovipositing adults, disturbances, species interactions, Srivastava and Lawton 1998) as well as to variation in productivity. In addition, the short life cycles of tree hole invertebrates may make extinction risk less important than these other factors. The small proportion of variation in this trophic level explained by our model suggests that these other factors could be important in explaining variation in community and population patterns in natural tree holes. In contrast to results for invertebrates, we found no support for the MIH for protozoans, because eVects of protozoan abundance on richness were absent or negative. For protozoans, top-down control appears to be more important than links among productivity, abundance, and richness within the protozoan trophic level. The potential for increased abundance of rare protozoan taxa with increasing productivity may be diminished by invertebrate consumers.
Analysis of trophic linkage indicated that invertebrates exert top-down control of protozoans. Invertebrate abundance had negative eVects on protozoan richness, likely due to direct reduction of predator-susceptible protozoans, as shown in previous work (e.g., Kneitel and Chase 2004) . Even though there was no direct eVect on protozoan abundance, invertebrates may induce changes in abundance or foraging behavior of certain predaceous protozoans that selectively feed on certain protozoan groups. Unlike invertebrate abundance, invertebrate richness was positively related to protozoan richness. This could result from the addition of predaceous invertebrates that exhibit top-down control on invertebrates who, in turn, feed on protozoans (i.e., trophic cascade, Carpenter and Kitchell 1993) . This was unlikely in our study, as the only top predator of invertebrates, the mosquito Toxorhynchites rutilus, was encountered in only the southern region, and we could detect no quantitative eVects of its presence on the observed communities of invertebrates (i.e., non-signiWcant regressions of invertebrate abundance or richness on T. rutilus at sites where it occurred). Alternatively, the addition of certain types of invertebrate grazers may have beneWted certain protozoan groups by enhancing detritus breakdown (Lopez et al. 1977; Smith et al. 1982; Kneitel and Chase 2004) . Taken together, it appears that multiple direct and indirect interactions between invertebrates and protozoans may contribute to observed cross-trophic level eVects structuring richness-productivity relationships within tree holes.
In tree holes, energy is derived from inputs of detritus rather than from intrinsic primary productivity, a situation that is typical of many communities (Moore et al. 2004) . Because detritus inputs into tree holes take a variety of forms, a single metric for productivity is unlikely to quantify energy Xow as thoroughly as does primary productivity in systems driven by photosynthesis. have shown that, even when other potential surrogates of productivity are measured in container systems (e.g., production of new bacterial biomass, conductivity), metabolic rates of microorganisms and detritus amount are signiWcantly related to richness and abundance of tree hole invertebrates. As our study was designed to describe relationships of productivity and richness, we cannot determine the mechanisms by which productivity aVects diVerent species, although aquatic microorganisms appear to be limited by availability of carbon, nitrogen, and phosphorous (Wetzel 1995; Pace and Cole 1996; Sterner and Elser 2002) , and some of these nutrients are correlated with primary productivity in other aquatic systems (Leibold 1999; Chase and Ryberg 2004) . For tree holes, carbon is thought to be the primary limiting nutrient (Kaufman et al. 2002) , as most carbon in these systems is in a refractory form (e.g., tannins, cellulose, and lignins). Future studies investigating the eVects of productivity in detritus-based aquatic systems should make use of multiple measures of productivity, which may act in concert to aVect richness and have diVerent eVects on separate trophic levels. The single-trophic-level perspective dominates investigations of richness and ecosystem function relationships (Petchey et al. 2004) , even though there is considerable evidence that interactions among trophic levels can have important implications for diversity (Oksanen et al. 1981; Hairston and Hairston 1993; Huston 1996) . Richness was positively associated with productivity for all taxa combined and for invertebrates, whereas, for protozoans, richness was unrelated to any measure of productivity.
Richness-productivity relationships for invertebrates seem to drive the patterns for all taxa, despite the fact that invertebrates constitute a much smaller portion of overall species richness than do protozoans (see Fig. 3 ). Thus, it appears that the lumping of diVerent trophic groups may obscure the variety of responses of richness to productivity that occurs within groups, and this hidden heterogeneity may aVect the interpretation of community patterns.
Theory on how productivity should aVect richness within and among trophic levels is in its infancy compared to theory for how productivity aVects total trophic level biomass or abundance of individuals. Our demonstration that there are relationships between abundance and richness of consumers and those of prey provides a start toward developing a body of theory on this topic. As trophic dynamics are a key component of our understanding of community processes (Hairston and Hairston 1993) , development of theory to predict how diVerent trophic levels respond to productivity may be important for our understanding of determinants of biodiversity.
